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Synthesis of Millimeter-Range Orthorhombic V,05 Nanowires and Impact of
Thermodynamic and Kinetic Properties of the Oxidant on the Synthetic
Process
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Large-scale orthorhombic V,0;5 single-crystalline nanowires
with diameters of 60-80 nm and lengths into the millimeter
range were synthesized through a facile template-free, mild,
and direct hydrothermal reaction between VOSO,-xH,O and
KMnO,. The nanowires are nearly visible to the naked eye
and are by far the longest 1D nanostructures of vanadium
oxide ever fabricated. The impacts of the thermodynamic

and kinetic properties of the oxidant were studied by parallel
experiments by using different kinds of oxidants, and both
were found to be crucial for the successful synthesis of the
ultralong V,05 nanowires.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Vanadium oxide and derived compounds have received
significant attention recently because of their structural ver-
satility combined with their unique chemical and physical
properties.l'l Like most transitional metals, vanadium can
exist in different valence states and consequently form a
variety of binary vanadium oxides with the general formula
V02+_\- (0 =x = 033), such as V205, V203, V60137 VOz,
and so on. These compounds have attracted great attention
because of their outstanding properties and potential appli-
cations as catalysts, chemistry sensors, high-energy density
lithium-ion batteries, and electrochemical and optical de-
vices.[>4l

In the last decade, great attention has been focused on
the synthesis and applications of nanostructured materials,
and one of the most dynamic research areas is one-dimen-
sional (1D) nanostructures, such as nanowires, nanorods,
nanobelts, and nanotubes.>® Recently, the fabrication of
vanadium oxide 1D nanostructures has been researched in-
tensively. A variety of methods, such as thermal evapora-
tion, surfactant-assisted solution, and hydrothermal/solvo-
thermal synthesis, have been developed to prepare vana-
dium oxide 1D nanostructures.” 12! Cao et al. have made
many efforts on the synthesis of V,05 1D nanostructures
and their subsequent application in the electrochemical
field.['3171 The group of Ha has done a lot of research on
the synthesis and properties of V,Os nanowires.[!8:1°]
Martin et al. have made great contributions in the possible
applications of V,0Os 1D nanostructures in the lithium-ion
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battery industry.?%-22l However, all these synthetic methods
of vanadium oxide 1D nanostructures are either based on
the transformation of V3'-contained precursors during re-
action or through a complex and lengthy route. To the best
of our knowledge, the simple direct hydrothermal synthesis
of V,O5 1D nanostructures from reagents in which vana-
dium possesses a +4 oxidation state has been rarely re-
ported. Recently, our group published a paper on the suc-
cessful hydrothermal synthesis of orthorhombic V,Os
nanowires by oxidation of VOSO4xH,O by KMnQ,.[>]
However, there is currently no established criteria for the
choice of oxidants for the successful synthesis of V,Os
nanowires.

In this communication, we report the study on the cri-
teria for the selection of oxidants for the fabrication of
V,0s nanowires by using V'V reagents as precursors. Our
research results indicate that both the thermodynamic prop-
erties of the oxidant, which determine the oxidizing ability
of the oxidizer, and the kinetic properties of the oxidant,
which determine the velocity of the oxidation reaction, are
decisive factors contributing to the phase and morphology
of the final products. The criteria for the choice of oxidants
are established on the basis of our research.

Results and Discussion

For the fabrication of orthorhombic V,05 nanowires, all
the reagents were of analytical grade and were used without
further purification. In a typical synthetic procedure of or-
thorhombic V,0s5 nanowires, VOSO4 xH,O (10 mmol) and
KMnO, (5 mmol) were dissolved in distilled water (40 mL),
and the mixture was stirred magnetically for 30 min to ob-
tain homogeneity. Nitric acid was added dropwise whilst
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stirring until the final pH of the solution was about 1-2.
The resulting clear solution was then transferred into a
50-mL Teflon-lined stainless-steel autoclave. The autoclave
was maintained at 160 °C for 24 h. After cooling to room
temperature naturally, the yellow silk-like precipitates were
filtered off, washed several times with distilled water and
anhydrous alcohol, and dried in vacuo at 80 °C for 12 h.
For comparative experiments, only KClO; or K,S,Og was
used instead of KMnO, as the oxidant, and all other syn-
thesis parameters and reaction process were the same as
before.

XRD patterns of the final products were recorded by
using a Philiphs X'Pert Super diffractometer with graphite
monochromated Cu-K,, radiation (1 = 1.54178 A) in the 20
range of 5-80°. Figure 1 shows the XRD pattern of the typ-
ical product with the use of KMnO, as the oxidant. All
the diffraction peaks could be indexed as the orthorhombic
phase of V,0s and are in agreement with literature values
(JCPDS card 85-0601); calculated lattice constants are a =
3.563 A, b = 11.516 A, ¢ = 4.374 A. The (001) peak was
extraordinarily strong relative to other peaks, which dif-
fered greatly from the XRD data for the powder sample
(JCPDS card 85-0601); this indicates that the as-obtained
orthorhombic V,05 might have special morphologies. To
further testify if residual manganese remained in the final
product, it was subjected to an AA (atomic absorption) test,
which proved that the manganese content in the final prod-
uct was nearly zero. On the basis of the results of XRD and
the AA test, it is clear that pure orthorhombic phase of
V,05 was successfully prepared by our synthetic route.
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Figure 1. XRD pattern of the typical product by using KMnO, as
the oxidant.

Figure 2 a,b show the field emission scanning electron
microscopy (FESEM, JEOL JSM - 6300F, 15 kV) images
of the typical product with KMnO, as the oxidant. The
microstructures of the product were long uniform
nanowires, and the proportion of the nanowires in the sam-
ple was almost 100% (Figure 2 b). The length of the as-
obtained orthorhombic V,0s nanowires reached nearly
1 mm, as calculated from the panoramic image shown in
Figure 2a. The nanowires are almost visible to the naked
eye, and they are by far the longest 1D vanadium oxide
nanostructures fabricated to date, which indicates the high
efficiency of our synthetic method. The diameters of the

Eur. J. Inorg. Chem. 2008, 2506-2509

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

nanowires ranged from 60 to 80 nm (Figure 2b), and the
as-obtained nanowires had a strong tendency to self-as-
semble into nanowire arrays. TEM images (Hitachi 800
TEM, 200 kV) of the typical product with KMnO, as the
oxidant are given in Figure 2¢,d, which clearly shows that
nanowire arrays of orthorhombic V,0Os with diameters
around 60 nm and lengths up into the millimeter range were
obtained. The inset SAED image in Figure 2d provides evi-
dence that the as-obtained V,0Os5 nanowires are singly crys-
talline.

Figure 2. FESEM (a and b) and TEM (c and d) images of the
typical product by using KMnO, as the oxidant.

The morphologies and microstructures of the nanowires
were also characterized by using high-resolution trans-
mission electron microscopy (HRTEM; JEOL-2010) with
an acceleration voltage of 200 kV. The HRTEM image of a
typical orthorhombic V,Os nanowire is shown in Fig-
ure 3a,b. The distance between the neighboring planes is
about 0.287 nm (Figure 3b), which is consistent with that
of the (040) plane of orthorhombic V,Os; this is indicative
of an individual nanowire growth direction of [010]. The
inset SAED pattern in Figure 3a, taken from an individual

Figure 3. HRTEM images of the typical product by using KMnO,
as the oxidant.

As no surfactant or any kind of template is used in our
synthetic route, the only reason for the initial reagents to
transform into the final ultralong nanowires is the oxidant.
Thus, it would be an interesting topic to study the impact
of the choice of different oxidants on the structure of the
final product. We wanted to learn if there were any pre-
requisites for the oxidants to effectively produce the ultra-
long nanowires.

In order to make the qualification of the oxidant clear,
two other different kinds of oxidants were chosen: K,S,0g
and KCIlOs;. The oxidation-reduction potentials (£°) in
2507
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acidic solution of the S,05>/SO,>, MnO, /Mn?*, and
CIO5 /CI" redox couples are 2.01, 1.51, and 1.45V, respec-
tively.?*! The XRD patterns of the as-obtained products by
using KCl1O3 or K»S,05 as the oxidant are shown in Fig-
ure 4a,b. All the diffraction can be ascribed to layered-
phase V,05:xH,O with a large amount of H,O molecules
intercalated between the layers, which has been reported by
other chemists.?>2°1 1t is clearly observed that by using
these two oxidants, no orthorhombic V,0s5 phase can be
obtained, which indicates that there must existed some
qualifications for the oxidant to produce the orthorhombic
V,05 phase.
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Figure 4. XRD patterns of the products by using (a) KCIOs, (b)
K>S,0gs, (¢) K5S,04, and AgNOs; as the oxidants.

By analyzing the XRD patterns of the final product with
KClOj; or K,S,05 as the oxidant, the product is determined
to be water intercalated layered phase V,O5 xH>0. K,S,05
and KClO; do not expel the intercalated water out of the
interlayer space of V,Os as effectively as KMnO,. For
KCIOs;, it is rather easy to explain the phenomenon. Be-
cause the value of E° for ClO5 /Cl is only 1.45V, its oxidiz-
ing ability is too weak to drive the intercalated water out of
the lattice. On the basis of this observation, it is odd that
KMnO, can effectively do this, as the value of E° for
MnO,/Mn2* is just 1.51 V, which is just a little higher than
that of ClO5/Cl™ (1.45 V). However, it should be noted that
the value of E° for MnO, /MnO, in an acidic environment
is 1.70 V; thus, the necessary driving force for the removal
of the H,O molecules from the interplanar regions of the
layered structures of V,05xH,O can be supplied to obtain
the orthorhombic V,Os5 phase. With the use of KMnQ, as
the oxidant, it is believed that during the reaction process
MnO, is first reduced to MnO, and then to Mn>* as the
final reduction product. However, the question as to why a
strong oxidant such as K,S,Og, which is a thermodynami-
cally favorable reagent as an oxidizer [E°(S,04>/S04>) =
2.01 V], was unable to drive out the intercalated water in
the interlayer area of the V,05xH,O phase is still not an-
swered. This can be rationalized by the fact that the
thermodynamic properties of the oxidant are not the only
determining factor in the redox process: the kinetic charac-
ter of the oxidant is also a decisive factor in this process.
Reactions involving K,S,Og as an oxidant tend to be rather
2508
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slow, even though K,S,0g is a very strong oxidizer. A sim-
ple solution to this problem involves the use of cations as a
catalyst, and one excellent choice is Ag*. A parallel experi-
ment was performed by using K,S,Og as the oxidant and
by keeping the reaction temperature and pH value un-
changed; the only difference was the addition of AgNO;
(1 molL™!, 1 mL) into the system, which served as a catalyst
during the reaction process. Ultralong orthorhombic V,05
nanowires were successfully fabricated this time, which was
proven by the XRD pattern (Figure 4c). The FESEM
images were also very similar to those of the typical prod-
ucts by using KMnO, as the oxidant and are thus not
shown here.

Conclusions

An environmentally friendly, template-free, and inexpen-
sive synthesis method was developed for the fabrication of
uniform orthorhombic V,0s5 nanowires with lengths up
into the millimeter range. Thermodynamic and kinetic
properties were shown to have an impact on the phase and
morphology of the final products, which indicates that both
are decisive factors in the successful production of V,Os
nanowires. On the basis of our research, we believe that
the oxidation-reduction potential of the oxidant should be
greater than 1.5V and that the velocity of the oxidization
reaction should exceed a critical level. Further work is un-
der way in our laboratory to study the electrochemical
properties of these ultralong orthorhombic V,0Os nano-
wires, and the results will be reported later.
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